A 4-color imaging pyrometer was developed to investigate the thermal behavior of laser-based metal processes, specifically laser welding and laser additive manufacturing of stainless steel. The new instrument, coined a 2x pyrometer, consists of four, high-sensitivity silicon CMOS cameras configured as two independent 2-color pyrometers combined in a common hardware assembly. This coupling of pyrometers permitted low and high temperature regions to be targeted within the silicon response curve, thereby broadening the useable temperature range of the instrument. Also, by utilizing the high dynamic range features of the CMOS cameras, the response gap between the two wavelength bands can be bridged. Together these hardware and software enhancements are predicted to expand the real-time (60 fps) temperature response of the 2x pyrometer from 600 °C to 3500 °C. Initial results from a calibrated tungsten lamp confirm this increased response, thus making it attractive for measuring absolute temperatures of steel forming processes.
INTRODUCTION
Laser-based metal forming processes like welding and additive manufacturing are rapidly growing technologies. Understanding these technologies at a fundamental level is critical to producing reliable and consistent parts and joints for critical applications. A key aspect of this understanding comes from discovering the causal formation mechanisms underlying microstructure. The microstructure of laser welds and deposited materials is directly linked to the thermal history during formation, but because many process variables affect thermal history, predicting microstructural properties is a major challenge.
Measuring thermal history of parts and joints provides direct feedback for systematic studies of material properties and microstructure such as yield strength, residual stress, solidification phase, porosity, and grain size. In addition, the measurements serve as validation of multiphysics models aimed at predicting the microstructure and time evolution of material properties. Successful development of these predictive models will ultimately lead to materials and joint qualification and verification at the time of manufacture.
Temperature measurements of laser-metal processing are routinely accomplished with thermocouples, infrared cameras, and pyrometers 1, 2 . However, the demand for accurate, high spatial and temporal resolution temperature data presents significant challenges for experimentalists, where the temperatures, gradients and heating/cooling rates are extreme 3 . For example, in laser welding of metals, the small size and high speed of the melt pool make thermocouples only sufficient for measuring temperatures along boundaries. Infrared cameras also have limitations in this environment because of the low and changing emissivity of the hot metal. The same is true with power-fed and powder-bed additive manufacturing techniques [4] [5] [6] [7] Instruments that avoid knowledge of the emissivity like 2-color pyrometers are therefore highly desirable for measurements of absolute temperatures [8] [9] [10] [11] [12] . The main limitation of 2-color pyrometers is their limited temperature range dictated by the single band. This paper discusses a new instrument, coined a 2× pyrometer, that consists of four, high-sensitivity silicon CMOS cameras configured as two separate 2-color pyrometers. This coupling of pyrometers permits low and high temperature regions to be targeted within the bounds of the silicon detector response, thereby broadening the useable temperature range of the instrument. The new instrument is shown to measure temperatures from 600-2800 °C, thus making it attractive for measuring true temperature of laser-based metal processes.
THEORY
The spectral radiance of a blackbody (emissivity ε=1) is given by Planck's law:
where C 1 = 3.742×10 8 W-µm 4 /m 2 and C 2 = 14388 µm-K. In Fig. 1 , this radiance is plotted from 400-1000 nm (the typical responsivity of silicon CMOS cameras) at 500 °C and 3500 °C. As shown, the radiance differs by several orders of magnitude, which highlights the need for high dynamic range diagnostic instruments in the visible spectrum. For wavelengths and temperatures on the blue (shorter wavelength) side of the peak, Wien's approximation can be used to eliminate the factor of 1 in Eq. (1) . This approximation has an error less than 1% for λT < 3130 µm-K 9 . Thus, minimal error in temperature is introduced for temperatures as high as 3130 K at 1000 nm and 7825 K at 400 nm.
Of course, real objects radiate less than a blackbody, and their emissivity varies according to several inter-related properties, including wavelength, temperature, degree of oxidation, surface roughness, material state (e.g. solid, liquid, powder), and angle of incidence 13 . Making use of Wien's approximation, an equation for the measured signal I λ (T) of an object at wavelength λ can be written:
where σ λ is an instrument dependent factor that includes optical transmission losses and detector sensitivity. If reflected background radiance and atmospheric transmission losses are neglected, Eq. (2) represents the total radiation emitted by the object actually detected by the instrument and through appropriate calibrations can be used to find absolute temperatures.
Eq. (2) is useful only when the emissivity is well characterized, which is rare for metals undergoing laser processing. The advantage of 2-color thermography is that measurements of absolute temperature are possible without knowledge of the emissivity. Errors arise only when the gray body assumption does not hold (i.e. when the emissivities differ at the two operating wavelengths of the pyrometer). Taking the ratio of the measured signal at λ 1 and λ 2 gives 
where σ 12 represents the combined throughput response deduced from a blackbody calibration. Inverting Eq. (3) with ε 1 =ε 2 results in an expression for the ratio temperature:
. ln ln Wavelength (nm) 900 1000 Figure 1 . Calculated spectral radiance of a blackbody source at two different temperatures. The selected wavelength range coincides with the typical response of a silicon CMOS camera, the quantum efficiency of which is relatively constant from 400-700 nm but drops nearly linearly above 700 nm.
This differs from the true temperature T by
Thus, the error for the 2-color approach depends on the emissivity ratio and on the selected wavelengths, with the two terms working contrary to each other.
PYROMETER
The idea behind the present pyrometer is to couple the output of two 2-color pyrometers to extend the effective temperature range of the overall instrument and therefore capture more thermal data. A pyrometer designed for laser welding would ideally measure temperatures between room temperature and ~3000 °C (the peak temperature at the center of a superheated weld pool 10 ). However, this is not practical given the >10 20 difference in radiance between those temperatures in the visible spectrum. As a result, the pyrometer described here was targeted to span 600-3500°C, where the radiance differs by as little as 10 6 (see Fig. 1 ).
The 2× pyrometer (Fig. 2) consists of four, monochrome Si-CMOS cameras (IDS UI-3240CP-NIR-GL). These cameras were primary chosen because of their enhanced NIR performance (20-100% greater quantum efficiency than standard CMOS above 700nm). Other benefits include decent speed (USB 3.0, 60fps at full chip), small pixel size (5.3µm), HDR modes (sequence AOI, log mode), and external triggering capability. Figure 2 . Schematic diagram of four-color pyrometer. The basic design melds two, 2-color pyrometers to a common shortpass filter, achromat lens, and dichroic beamsplitter. Each 2-color channel is optimized to achieve good image registration and focus through adjustment of translation and rotation mounts. Additional registration is handled in software.
Besides the cameras, several optical components make the current design possible, the most important of which are the specific wavelengths filters. The longer the wavelength, the lower the threshold for temperature measurement (the Planck curve peaks at longer wavelengths at low temperatures). Conversely, the shorter the wavelength, the higher the temperature response. As a result, the bands for the two 2-color cameras were chosen on either end of the Si response curve (350-1100 nm) with consideration given to the reduced quantum efficiency below 400 nm and above 950 nm. Additionally, the separation between the wavelengths of each 2-color pyrometer must be small in order for the gray body approximation to hold. Moreover, the bandpass filters need to be narrow and of the same width to minimize apparent shifts of the center wavelengths. Given all of these considerations, 450 nm and 500 nm bandpass filters with 10nm FWHM were selected for measurements at high temperatures, and 850 nm and 950 nm filters with 50nm FWHM were chosen for low temperature measurements.
At the pyrometer input, a 1010 nm shortpass filter protects the cameras from the common 1070 nm ytterbium laser light of kilowatt fiber lasers 11 . A single achromatic doublet is used for the imaging (coated from 650-1050 nm), and depending on how the pyrometer is used, varies between ƒ=100 mm (w.d. =150 mm) and ƒ=250 mm (w.d.= ∞). Separate neutral density filters were employed to reduce the large radiance differences between high and low temperature targets. Finally, to couple the two pyrometers, dichroic beamsplitters split the incoming radiation for simultaneous imaging with better than 95:5 efficiency.
In order to fully realize the potential of the 2× pyrometer, several additional design considerations had to be addressed, including parallax errors due to non-equivalent optical paths, lens chromatic aberration over 450-950 nm, and image registration errors due to non-precise overlap of the individual wavelength images. Parallax errors were reduced by having equivalent optics for all four cameras where possible. To counteract the focal length shift resulting from chromatic aberration, z-translation mounts capable of 4 mm of motion were used to achieve good focus at all four wavelengths. And finally, coarse registration of the images was corrected by XY-θ translation mounts capable of 1mm of linear and 360° of rotary motion. Fine registration was accomplished in software.
The data acquisition software was written in National Instruments LabVIEW, and camera control was accomplished through the .NET framework of the IDS cameras. Raw images at the four wavelengths are captured using a master-slave configuration with the external trigger inputs. These 10-bit binary images are saved at 60 fps (single exposure) through a USB 3.0 PCI card to the hard drive. Dark current and background subtraction, image registration, and temperature calculation are completed post-acquisition to avoid slower speeds associated with these processes.
The absolute temperature accuracy of the pyrometer depends largely on the validity of the gray body assumption. According to Ref. [13] , the emissivity of partially oxidized stainless steel varies by 0.1 or 18% across the visible spectrum at 800 K. However, for the two pairs of wavelengths chosen here, the emissivity varies by only 0.02 or 4% at 800 K and decreases with increasing temperature, presumably because of the rougher, more oxidized surface at higher temperature. In addition to gray body considerations, care must be taken to minimize background reflected light from objects other than the heated surface, including laser-generated plasma emissions. Optical spectra were recorded at the 2-color wavelengths to verify that no strong plasma emission lines are present during laser processing of stainless steel with ytterbium lasers. Also, exposed reflective surfaces were painted with a high-emissivity coating to prevent plasma and surface reflections from skewing temperatures.
SIMULATED RESPONSE
A measure of the relative signal for each wavelength band was calculated to predict the temperature range of the 2× pyrometer. Three contributions were included in this calculation: 1) an overall transmission factor to each camera, 2) the quantum efficiency of the detector, and 3) the integrated blackbody radiance at each wavelength band. The first contribution was determined from the published transmission properties of the optics averaged across the bandpass width at 450, 500, 850, and 950 nm. Likewise, the contribution from number 2 was pulled from the spec sheet of the camera. Lastly, the radiance was calculated from numerical integration of Eq. 1 across the full width of the individual wavelength bands. Contributions 1 and 2 comprise the factor σ λ from Eq. 2.
The result of this calculation is shown in Fig. 3 . As predicted, the response at 450 and 500 nm is shifted toward higher temperatures relative to the 850 and 950 nm response. This shift motivates combining the two pairs of cameras to extend the temperature range beyond what is practical for a single 2-color pyrometer. For example, above ∼2000°C, the radiance at 850/950 nm becomes large, requiring short exposures. A greater neutral density filter could prevent saturation of those signals; however, implementing that would limit the low-end temperature response (and speed). The same is true below 1500°C at 450/500 nm, where the radiance diminishes precipitously, thus necessitating long exposures and reduced speed. Given the dynamic range of the cameras, three separate exposures are needed to span the temperature range from 600-3500 °C, as shown by the temperature bands bridged with exposures t1 through t5. This will be accomplished using the sequence AOI feature, wherein multiple exposures (up to 4) can be captured in sequence with minimal dead time in between frames. 
CALIBRATION RESULT
The assembled pyrometer was calibrated against a NIST traceable lamp from 600-2800 °C. Good object focus and alignment were achieved on all four cameras simultaneously using the translation stages. Images of the lamp were recorded from 600-1900 °C using the 850/950 nm cameras and from 1500-2800 °C using the 450/500 nm cameras.
Exposures were adjusted at each temperature to avoid saturation and then matched for the 2-color pairs. Both background (lamp off) and dark current (blocked input) images were subtracted from the data. To minimize nonuniformities from the lamp's helical filament, an average over a large central region was used to calculate the response at each temperature. The measured and predicted ratios appear in Fig. 4 , where the good agreement indicates that the instrument responds as predicted. 
CONCLUSION
A 4-color imaging pyrometer was developed from four monochrome CMOS cameras and standard optics. The new pyrometer acts as two separate 2-color pyrometers, the first targeting lower temperatures by filtering at long wavelengths, while the second filters short wavelengths to target high temperatures. Initial calibrations indicate that the instrument responds as predicted. Future work focuses on encapsulating the CMOS camera features in software to record synchronized multiple exposures in real time. Once complete, these enhancements will allow for true temperature measurements of laser welds and additive manufacturing parts, from which thermal history can be extracted.
